usually require thicker, material-rich nanostructures than structural color arising from the coherent interference of light. [2, 3] In nature, bright white appearance arises from the dense arrays of pterin pigments in pierid butterflies, [4] guanine crystals in spiders, [5] or leucophore cells in the flexible skin of cuttlefish. [6] A striking example of such whiteness is found in the chitinous networks of white beetles, e.g., Lepidiota stigma and Cyphochilus sp. [7] [8] [9] Previous research investigating these beetle structures has shown that the chitinous network is one of the most strongly scattering materials in nature, and therefore the question arises whether this structure is evolutionary optimized for strong scattering while minimizing the amount of employed material, thus reducing the weight of the organism. The brilliant white reflection from Cyphochilus beetles is assumed to be important for camouflage among white fungi and in a shady environment. In contrast to periodic photonic materials, for which the optical response is straightforward to calculate, the reflection of light from such disordered network morphologies Most studies of structural color in nature concern periodic arrays, which through the interference of light create color. The "color" white however relies on the multiple scattering of light within a randomly structured medium, which randomizes the direction and phase of incident light. Opaque white materials therefore must be much thicker than periodic structures. It is known that flying insects create "white" in extremely thin layers. This raises the question, whether evolution has optimized the wing scale morphology for white reflection at a minimum material use. This hypothesis is difficult to prove, since this requires the detailed knowledge of the scattering morphology combined with a suitable theoretical model. Here, a cryoptychographic X-ray tomography method is employed to obtain a full 3D structural dataset of the network morphology within a white beetle wing scale. By digitally manipulating this 3D representation, this study demonstrates that this morphology indeed provides the highest white retroreflection at the minimum use of material, and hence weight for the organism. Changing any of the network parameters (within the parameter space accessible by biological materials) either increases the weight, increases the thickness, or reduces reflectivity, providing clear evidence for the evolutionary optimization of this morphology.
www.advmat.de www.advancedsciencenews.com requires a detailed knowledge of local geometry. [2, 3, 9, 10] For these complex cases, the validity of the diffusion approximation is limited, since single scattering elements are difficult to be identified. [7] To fully understand the correlation between the structure and (optical) properties of complex materials, the detailed real-space structure in combination with a suitable model unravels this relationship. In optics, these include finite-element modeling or finite-difference time-domain (FDTD) techniques, which can be employed for materials with arbitrary structures. [11] Distortion-free 3D imaging of biological tissue with submicrometer resolution in a large volume is cumbersome and often relies on destructive techniques, i.e., focused ion beam (FIB)-scanning electron microscopy (SEM) serial tomography or electron tomography. [7, 12] Multi-keV ptychographic X-ray computed tomography (PXCT) [13] overcomes this limitation, achieving below 15 nm resolution in radiation-hard materials at room temperature. [14] In radiation-sensitive materials, however, the PXCT resolution used to be much worse (>100 nm), limited by either radiation damage at room temperature or by drifts of the setup at cryogenic temperatures. [15, 16] Here, we use "OMNY" ("tOMography Nano crYo", see the Supporting Information), an instrument that allows cryo-PXCT of biological materials, overcoming these imaging limitations. Cryogenic conditions preserve the structure of the sample during the measurement time, and interferometric positioning control eliminates thermal drifts. [17] We use OMNY to image single wing scales of the brilliant white beetle Cyphochilus sp. These measurements provide a full structural characterization of the network morphology within the scales, clearly demonstrating the power of cryo-PXCT to extract quantitative structural information from biological tissues in a noninvasive, damageresistant fashion.
Cyphochilus beetles (Coleoptera: Scarabaeidae: Melolonthinae) occur widely across Southeast Asia. The entire exoskeleton of the beetle (Figure 1a) is patterned with single wing scales covering the else velvet black exocuticle, which can be clearly seen by optical microscopy (Figure 1b) . Each scale spans ≈200 µm in length and ≈60 µm in width. These scales strongly scatter incident light, and the reflectance is more or less constant across the visible wavelength range ( Figure S3 of the Supporting Information). [7] Closer inspection of the white scales using SEM reveals that the scale interior comprises a network of interconnected, chitinous fibers surrounded by air. [7] [8] [9] 18, 19] Earlier interpretation of the optical response of the scales [7, 9] was hampered by the lack of artifact-free, 3D visualization of the complex chitinous cuticle structure, and claims concerning the evolutionary optimized white color of the beetle were therefore anecdotal.
To gain insight into the optical function of the scales, we investigated the wing scales using PXCT. A first attempt was aimed at reconstructing the network morphology inside the beetle scale using conventional room-temperature PXCT, [20] achieving a 3D resolution of 70 nm. Significant sample deformation was observed by visually comparing projections recorded at the beginning and the end of the PXCT measurement at the same projection angle.
To overcome this critical issue, the nanotomography measurements were repeated, using another beetle scale, at 92 K. www.advmat.de www.advancedsciencenews.com a sample volume of ≈350 µm 3 , which hinges on the minimization of in situ sample deformation, a typical problem for organic materials. While still somewhat worse than that of other techniques, e.g., serial transverse sectioning and imaging using transmission electron micro scopy or X-ray crystallography, cryo-PXCT is noninvasive and does not rely on complicated embedding and/or staining protocols.
The spectral properties of the beetles are particularly interesting as they provide a very efficient incoherent broadband reflector with a comparable whiteness of common white paper but with a thickness of only about 1/10 of a typical paper sheet. [7] [8] [9] 19] To understand the key parameters governing this unusually strong scattering strength, the rendered 3D network of Figure 1f can be directly used to perform FDTD simulations of the structure's optical response to incident white light. The strength of this approach lies, i.e., in the ability to digitally modify the network morphology displayed in Figure 1f to test the changes in optical reflectivity.
The FDTD modeling results, Figure 2a , show that the reflectance strongly depends on the orientation of the network volume. The reflectance is significantly higher for the typical orientation of the scale (in-plane) and reaches a peak reflectance of ≈0.65, while orientations perpendicular (out-of-plane) to the scale normal are significantly less reflective, with reflectances of ≈0.5. This confirms previous results by Cortese et al., [8] which showed that the time-of-flight of a laser pulse through the structure is strongly anisotropic.
To further elucidate the nature of the optical anisotropy and its possible function, the network structure was digitally stretched and compressed. Figure 2b shows that compression along the z-axis lowers the in-plane reflectance. Stretching of the structure, i.e., making it more isotropic, results only in a slightly increased reflectance (0.69 vs 0.65). This indicates that the scales' structural anisotropy reduces the thickness needed to produce strong scattering resulting in the observed brilliant whiteness. The scale thickness is functionally important for flying insects, as larger structures embedded on the wing require more material along the elytra.
By affinely expanding or contracting the network morphology, it is possible to test whether the scale structure has an optimized volume distribution of scatterers that maximize broadband reflectivity (Figure 2c ). Uniform compression along all spatial directions results in a severe reduction of the reflectivity, which eventually (below 20% of the www.advmat.de www.advancedsciencenews.com original size) disappears all together, i.e., the material becomes transparent. This result is unsurprising since for a distribution of scattering centers which is comparable to the incident wavelength, propagating light "averages" over its discrete structure, entering the "optical crowding" or "effective medium" regime. [21] Uniform expansion of the network morphology changes the broadband reflectance very little. This result again indicates that the structure is optimized for achieving maximal whiteness for a minimal scale thickness.
The weight of the scale is also affected by the porosity of the network morphology and therefore the strut thickness. The reconstructed morphology of Figure 1f has a solid content (filling fraction) of 45 ± 6%. Figure 2d explores the optical response of the network morphology upon digitally enlarging and reducing the strut diameter, which alters the filling fraction. Optimal broadband reflection was found for a rather broad filling-fraction range, from ≈40 to 70%. The filling fraction of the beetle scales of ≈45% lies at the lower end of this range, again indicating an optimization that maximizes scattering power for a minimum of material use.
Fundamentally, the scattering power in single and multiple scattering systems depends strongly on the refractive index. While biological organisms have limited access to high refractive index materials, it is interesting to explore the variation of the network reflectivity for different, synthetically available refractive indices. In Figure 2e , the refractive index was varied from n = 1.1 to n = 2.8, where the void space of the network was modeled as air with n air = 1. While, unsurprisingly, higher refractive indices result in a stronger average reflectance, up to 84% for n = 2.8 (i.e., close to that of rutile titanium dioxide, a synthetic dielectric material commonly employed in photo nic applications [22] ), the broadband reflectivity rapidly decays for n < 1.6. Given the fact that the refractive index of chitin, varying from 1.6 to 1.55 (blue to red wavelengths, respectively), is among the highest found for purely organic biological materials, [23, 24] this simulation illustrates yet another aspect of optical optimization of the network morphology.
The careful balance of structural parameters described above begets the question whether the random network morphology exhibits hidden correlations that optimize the scattering of incident light. This question is motivated by the consideration that the optimization of the scattering strength requires an average distance between scatterers just above the wavelength of visible light (to avoid optical crowding) and the absence of periodic order (to avoid a photonic bandgap [25, 26] ). An established example of such hidden correlations is "hyperuniformity," which refers to the anomalous suppression of density fluctuations at large length scales. [27] [28] [29] Hyperuniform systems include all perfect spatially periodic patterns and special disordered systems. To date, disordered hyperuniformity has been discovered in only a small number of biological and physical systems, [28] including the arrangement of color-sensing photoreceptors in avian retinae [30] and designed 2D photonic materials. [29] The high-resolution cryo-PXCT data of Figure 1f enable a direct structural analysis and to test the data for hidden correlations. Using a medial axis analysis, [31] the distribution of lengths and widths of the individual struts forming the network structure was analyzed (Figure 3a-c www.advmat.de www.advancedsciencenews.com very broad distributions of 1105 ± 360 nm (mean ± full width at half maximum) and 115 ± 80 nm, respectively, which are typical for random network structures.
To investigate whether this seemingly random morphology has hidden structural correlations, e.g., hyperuniformity, the spectral density k χ in the various planes of the Fourier space of the network structure was calculated. The scaled spectral density profiles along the two main directions (out-of-plane and in-plane of the beetle scale) are shown in Figure 3d ,e. The density profile is strongly dependent on the direction of investigation, indicating a strong structural anisotropy of the network (cf. Figure 1b) . While the spectral densities in the two out-of-plane directions, x-z and y-z, show strong directional dependence (Figure 3d) , the spectral density in the in-plane direction, x-y, is largely isotropic (Figure 3e ). Along the out-of-plane direction, the structure seems to be "layer-like" with a pseudolayer distance of ≈270 nm. The anisotropy of the nanostructure can be further quantified by the
are extrapolated values of the spectral density in the z-direction and x-y plane as k approaches 0 and ( , , )
For isotropic structures, ξ should be 0 and increase for increasing structural anisotropy. In the case of the investigated structure, ξ is in the order of 10, indicating a strong structural anisotropy. Figure 3d ,e moreover illustrates that the network morphology is not strictly hyperuniform, since k χ does not vanish as the wavenumber k approaches 0 from any direction. This fact is further corroborated by investigating the local variation of the volume fraction of scatterers as a function of a spherical probe of radius R. Figure 3f shows that the scaled local volume fraction variance R 3 σ 2 (R) varies linearly with R and plateaus for large R. Hyperuniformity requires a faster decay of σ 2 (R) for R → ∞. [28, 32] The results of Figure 3 therefore clearly demonstrate the absence of hyperuniformity and that the two size distributions of Figure 3b ,c are close to Gaussian. In addition, we have employed a variety of other structural descriptors to spatially characterize the beetle ultrastructure, as detailed in the Supporting Information.
In summary, we have employed a new experimental technique, cryo-PXCT, to study the nanostructured photonic system of the Cyphochilus beetle. The combination of cryo-PXCT structural reconstruction with sub-30 nm resolution with FDTD modeling allowed us to demonstrate that the 3D network morphology of the beetle is carefully optimized by evolution. This is achieved by the judicious simultaneous selection of four parameters, the selection of (1) the correct network density, (2) the optimal fill fraction, (3) one of the biologically highest refractive indices for transparent materials, and (4) a beneficial structural anisotropy. Changing any of these parameters may improve one of the decisive properties (e.g., reflectivity), but always at the expense of the other (e.g., used material per unit area). In particular, the digital variation of these four network parameters in Figure 2 does confirm the optimized nature of the photonic network morphology that maximizes the white broadband reflectivity while minimizing the materials use (and hence weight) per unit area.
Metabolically, the production of the wing scale material is considerable, given its relatively large thickness of ≥7 µm.
Each beetle wing scale, similar to the wing scales of butterflies, develops from a single differentiating cell, [33] most likely through prestretching of internal F-actin filaments and subsequent external deposition of chitinous cuticle. 3D structures in arthropods are often highly ordered [26, 34, 35] and the precise mechanism driving structure formation is still an open debate. While some work exists on periodic morphologies in butterfly wing scales, [33, 35] structure formation of disordered networks in developing wing scale cells is up to now uninvestigated.
While the optimization of materials use is evidently essential for flying insects, it presents a bioinspired design strategy for the manufacture of white reflectors, particularly in applications in which the use of low refractive index organic materials is desirable, e.g., the food industry. Additionally, the use of higher refractive index materials allows us to even further improve the scattering strength of similar network materials while minimizing materials use and weight of the coating.
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